An atomic version of the Millikan oil drop experiment is performed computationally. It is shown that for planar molecules, the atomic version of the Millikan experiment can be used to define an atomic partial charge that is free from charge flow contributions. We refer to this charge as the Millikan-Thomson (MT) charge. Since the MT charge is directly proportional to the atomic forces under a uniform electric field, it is the most relevant charge for force field developments. The MT charge shows good stability with respect to different choices of the basis set. In addition, the MT charge can be easily calculated even at post-Hartree-Fock levels of theory. With the MT charge, it is shown that for a planar water dimer, the charge transfer from the proton acceptor to the proton donor is about 0.052 e. While both planar hydrated cations and anions show signs of charge transfer, anions show a much more significant charge transfer to the hydration water than the corresponding cations. It might be important to explicitly model the ion charge transfer to water in a force field at least for the anions.
I. INTRODUCTION
Electrons show marked quantum behavior and thus are always delocalized in space. Their delocalized distribution along with the fact that electrons are indistinguishable particles with Fermion symmetry makes unique assignments of electrons to atoms in a molecule challenging if not impossible. On the other hand, partial charge assignments, or population analysis, provide valuable insights into the nature of intermolecular interactions. In the area of force field development, atomic partial charges directly influence the forces experienced by each atom and play a crucial role in determining the Coulombic interaction, which is one of the most important components in the energy of molecular systems.
Given the challenges in partial charge determination, it is not surprising that a large variety of methods have been reported, such as Mulliken analysis, 1 Löwdin partitioning, 2, 3 distributed multipole analysis, 4 Hirshfeld charge analysis, 5 Bader's atoms in molecules (AIM), 6 and methods based on absolutely localized orbitals, 7 or Ruedenberg 8 and Knizia 9 orbitals. 10 All of these methods have their strengths and weaknesses. Although some of these methods are widely implemented, especially the simpler ones, some more advanced methods only acquired limited support in popular computational packages.
Assuming the charge distribution in a molecule can indeed be represented with atomic charges, dipoles, and higher order moments up to infinite order, it can be shown that the potential energy, U, in an external electric field is
where the sum is over the atom index i and the Cartesian directional indices α and β. M is the zeroth moment, which is the partial charge; M α is the first moment or the dipole moment; M αβ is the second moment, which can be replaced by the traceless quadrupole moment without affecting the validity of Eq. (1) . V i would be the external potential at atom i, with V i, α = ∂V i ∂α being the first derivative of the potential, which is the negative of the electric field. V i,αβ are thus the negatives of the field gradients. It should also be noted that the dipole and quadrupole moments being used in Eq. (1) should include both the permanent and induced moments in the external field. In a uniform electric field, Eq. (1) simplifies since the field gradient and higher order terms will be zero. For simplicity, if we assume the uniform field is along the direction γ, Eq. (1) reduces to
where i is the atomic index. Now, consider the force on atom i along the direction γ, F i,γ = − ∂U ∂γ i in the presence of the uniform field. When taking this derivative following the chain rule, all terms involving field gradients will be zero since the field is uniform. If one ignores the charge flow terms
, the atomic forces will become
The subscript of the field on atom index is dropped since the field is uniform everywhere. Thus, if the charge flow terms can be ignored, the atomic forces will only be along the direction of the field. Unfortunately, in general, the charge flow terms cannot be ignored; however, it can be shown that the charge flow terms are exactly zero for planar molecules when the force is measured in a direction perpendicular to the molecular plane, making Eq. (3) exact.
It is important to note that the charge flow terms describe the response of a charge distribution to the motion of atomic coordinates rather than the response of the charge distribution to an external field. The latter is generally referred to as induction. An induced dipole moment does not contribute to atomic or molecular forces when the field gradient is zero. We also note that we use the term "charge flow" to include electron redistribution within an atomic volume, and the term "charge transfer" usually implies the transfer of electron density from one atomic volume to another.
For any molecule, due to the translational and rotational invariance, the charge distribution, ρ, can be uniquely determined by 3N-m independent interatomic distances, where m accounts for the overall translational and rotational degrees of freedom. This is true since the full Schrödinger's equation of the system can be written in terms of internal coordinates of the nuclei and there are only 3N-m independent variables to uniquely define the system.
The charge flow due to perturbation of the coordinate of atom i along α can be calculated as
wherer stands for the set of independent interatomic distances, each member of the set is labeled with j in the sum. ρ is the overall charge distribution from solving the quantum mechanical, many-electron Hamiltonian. All orders of the multipole moment, M, can be determined from the knowledge of ρ.
We consider a planar molecule in the x-y plane with an infinitesimal motion of atom i along the z direction. For any distance r j between two arbitrary atoms A and B,
The derivatives in Eq. (5) are always zero since all atoms in a planar molecule have the same z coordinate. For planar molecules, Eq. (4) thus indicates that the electron distribution remains constant when an infinitesimal displacement along z is made, regardless whether there is an external field or not. In other words, there would be no charge flow with respect to any infinitesimal displacement of any atom normal to the plane. This no-charge-flow condition leads to Eq. (3) being exact for planar molecules in a uniform field. We note that a relationship similar to Eq. (3) is the basis for the determination of the charge of an electron in 1909 by Robert A. Millikan's experiment, 11, 12 where the gravitational force is balanced by the Coulombic force of a charged drop of oil in an external field. Equation (3) is an atomic version of the Millikan experiment; although it is worth emphasizing that Eq. (3) only holds under the no-charge-flow condition, which can only be rigorously satisfied for a planar molecule. If we use the symbol q i as the atomic charge, Eq. (3) can be rewritten as
where the potential derivative V z is replaced with the more familiar symbol for the electric field, E z . The charge measured following such a procedure will be referred to as the Millikan-Thomson (MT) atomic charge in honor of Robert A. Millikan and Joseph J. Thomson. Both relied on force experienced by a charged particle in a uniform electric field to determine fundamental properties of the electron. 12, 13 Although it would have been sufficient to refer to this charge as the Millikan partial charge, there is a good chance of confusion with the Mulliken charge proposed by Robert S. Mulliken. 1 Technically, an experiment can be designed to measure the atomic MT charges. In this work, we will restrict ourselves to theoretical determination of the MT charges.
We note that for planar molecules, an intuitive way to understand the no-charge-flow condition is to consider the symmetry of the molecule. If the direction of the field is reversed, the MT charge cannot change due to symmetry. If the charge flow has a contribution to the MT charge to the first order of the field, the contribution must change sign when the field reverses direction. This will lead to the conclusion that the charge follow term cannot exist for a planar molecule to the first order. However, care must be taken when applying this argument since the existence of a symmetry plane is not sufficient to guarantee no charge flow. Consider a water molecule, where two symmetry planes exist. One would get the correct MT charge only if the field is applied perpendicular to the water plane. If the field is applied perpendicular to the other symmetry plane, containing only the oxygen atom, the electrons will redistribute along the molecule. Such a redistribution is strongly coupled to all the atomic coordinates and will affect not just the hydrogen atoms. The equilibrium geometry of water in such a field will change leading to the two OH bonds being non-equivalent. Thus if one attempts to measure the MT charge by applying a field perpendicular to the symmetry plane that mirrors one hydrogen to the other, a different charge will be obtained. Even for the oxygen atom that is in the symmetry plane, the charge will be affected by the charge flow contribution. This contribution will reduce the apparent MT charge by more than 20% according our numerical validations.
It is important to mention that, for strictly planar molecules, the MT charge is actually the same as the IR charge derived previously by Milani and Castiglioni. 14 The IR charge was calculated by evaluating the dipole derivative with respect to atomic coordinates relative to a local plane. 15 A local plane was chosen for the purpose of minimizing charge flow. The Milani and Castiglioni work also showed that the charge flow term is exactly zero for planar molecules.
The MT charge is a double derivative of the total quantum mechanical potential energy with respect to the external field and the atomic coordinate along the direction of the field,
If the field derivative is taken before the coordinate derivative, the MT charge can be understood as the dipole moment derivative with respect to atomic coordinates. Thus the MT charge is the same as the IR charge. Since the IR charge can be defined for non-planar molecules using a local plane, the MT charge can also be measured similarly relative to a local plane. However, in such cases, the charge flow contribution is minimized but not completely eliminated. In this paper, we will restrict ourselves mostly to planar molecules, which are completely free of charge flow contributions. Another similar definition is the Generalized Atomic Polar Tensor (GAPT) charge, which was defined by using the full trace of the dipole derivate tensor. 16, 17 For GAPT charges, the contribution from charge flow will not be zero even for planar molecules.
Although it could be argued that the MT charge is simply a new perspective for the IR charge, the MT charge determines the atomic force experienced by an atom under an external field. Thus it is arguably the most relevant charge to use when a model potential is developed. We note this argument is not restricted to the development of a point charge potential. Eq. (1), on which the derivations are based, is completely general. A polarizable potential with distributed atomic multipoles should also reproduce the forces felt by the MT charges in a uniform field.
It is worth mentioning that the MT charge will necessarily reproduce the molecular dipole moment since the MT charges can be calculated by taking the molecular dipole derivative with respect to the out-of-plane atomic displacements as done with the calculations of IR charges. Since no atomic distance of a planar molecule will change by an infinitesimal displacement in the out-of-plane direction, the out-of-plane derivative of the molecular dipole is thus similar to a rotation of the dipole. In this case, the derivative will be the dipole itself. This is clearly shown in Table II (vide infra) .
It has been argued that the determination of the IR charge is costly due to the need to obtain the dipole derivative tensor and the IR spectra. 15, 18 The equivalence shown in this work allows this charge to be determined by a single force calculation performed under an external field. Since only forces along the field direction are required, a numerical differentiation of the energy will not be very costly. Each charge only requires two energy evaluations, opening up the possibility of obtaining partial charges with highly correlated levels of theory, such as CCSD(T). We also want to emphasize that the MT charges can be determined with any existing electronic structure code as long as the code supports evaluating energies under an external field. This is a huge convenience in terms of implementation compared with many other population analysis methods.
In Sec. II, the MT partial charges of selected systems will be reported. Comparison with some existing population analysis methods will be performed for some of these molecules. Since the MT charge could arguably be measured experimentally, we think it provides a good reference for other population analysis methods. The MT charges for the water dimer and several hydrated ions are also studied to provide some insight into the importance of charge transfer in liquid water and ionic solutions. A summary and conclusion will be provided in Sec. III. Table I and the corresponding structures are shown in Fig. 1 . All the calculations were performed with a tight HF density convergence of 1 × 10 8 . The MT charge determinations were performed with three different basis sets: [19] [20] [21] aug-cc-pVDZ, aug-cc-pVTZ, and aug-ccpVQZ for B3LYP and MP2. Only the aug-cc-pVTZ basis set was used for the CCSD(T) determinations. All the calculations were preformed with the GAMESS suite of programs. 22 Whereas analytical gradients can be used for MP2 calculations, both B3LYP and CCSD(T) charges were determined using finite difference of energies to obtain with the out-ofplane force. The external field used for the calculations is 0.001 atomic units, and the finite difference in energy is performed with a displacement of 0.001 Å in both the positive and negative z directions. The formula is thus accurate up to the third order of the displacement.
II. DETERMINATION OF MT ATOMIC CHARGES
One would assume that analytical gradient calculations can be performed at least for the B3LYP MT charge calculations. It surprised us that some electronic structure programs fail to give consistent analytical gradients for planar molecules in the presence of an external field. For example, the total force for an H 3 O + cation should be the charge e times the field E z . If the atomic forces do not sum to the correct total force, we will consider the result inconsistent. These likely reflect bugs in the implementation of the analytical gradient routine in the presence of the field. Due to the good agreement between the numerical gradients evaluated using our finite difference procedure and the analytical gradients in cases where the analytical gradients are known to be correct, we will resort to using numerical gradients when we are not confident that the analytical gradients are consistent. 23 Before any numbers are reported in this work, we ensure that all symmetry unique atoms must have identical atomic forces. In addition, the sum of out-of-plane forces must give a total force of q total ·E z , where q total is the total charge of the molecule. We will refer to this total force constraint as the Millikan constraint since it has to hold for the historical Millikan experiment to be valid.
For all the molecules in Table I , the geometries were optimized at the MP2 level of theory with the aug-cc-pVDZ basis set for all the MP2 and CCSD(T) computations, while geometries for the B3LYP computations were optimized by B3LYP with the aug-cc-pVDZ basis set. It is clear that the MT charges have very weak dependence on the basis set. The MP2 charges in general are giving better agreement with the CCSD(T) charges than B3LYP with the exception of CO 2 . It is interesting that CO 2 seems to pose the most challenge to (Fig. 1) MP2 with MP2 underestimating the CCSD(T) MT charges by around 10%. The agreement between B3LYP and CCSD(T) is actually slightly better than that for MP2. For most molecules, the B3LYP MT charges are in good agreement with the CCSD(T) references. The largest error is in the case of FNO, where B3LYP underestimates the MT charges on F and O by around 30% when compared to the CCSD(T) reference. The error for MgF 2 is also fairly large, with B3LYP underestimating the MT charges by around 5%. The DFT description thus underestimates the ionic character of the bond. The same underestimation is also present for BF 3 except to a smaller extent. These disagreements indicate a problem with the DFT description of the charge distribution for these molecules. Table II summarizes the dipole moments of all the polar molecules calculated by GAMESS and from the MT charges. For BF 3 , C 2 H 4 , C 6 H 6, CO 2 , and MgF 2 , the total molecular dipole moments are zero due to symmetry and are thus not included in Table II . For B3LYP and MP2, the dipole moments were determined with the aug-cc-pVQZ basis set. For CCSD(T), the corresponding basis set is aug-cc-pVTZ. While GAMESS supports analytical dipole moment for B3LYP and MP2, the CCSD(T) dipole moment can only be obtained numerically by finite difference with respect to an external field. Thus for CCSD(T), the dipole moments were only calculated from the MT charges. As discussed previously, the MT charge will necessarily reproduce the molecular dipole moments. This is clearly true by our numerical verification with B3LYP and MP2. Except for FNO, for all the molecules in Table II , the B3LYP dipole is in close agreement with MP2 and CCSD(T) dipole moments. 24, 25 and Bader's AIM approaches. We note that with these methods, population analysis based on post-Hartree-Fock densities is either undefined or challenging to perform. Three different basis sets were used for each population analysis method. The MT B3LYP charges with the aug-cc-pVQZ basis set are also listed as a reference. It is well known that both the Mulliken and Löwdin analyses depend sensitively on the basis set. The AIM and NPA charges show good stability. The MT charges are Table I . Molecular formulae are given at the top left of each structure. most similar to the NPA charges. We note that neither the NPA nor AIM charges give correct dipole moments for the molecules except in trivial cases where the dipoles are zero due to symmetry. For the AIM approach, the difference in dipole is due to the first moment contribution from each atomic basin. Table IV reports MT charges for a planar water dimer and a few hydrated ions. The global minimum for the water dimer [ Fig. 2(b) ] is also included, although in this case, only the MT charges on the proton donor water are reported. We note that for the non-planar water dimer, the charge flow term is not exactly zero as discussed previously. For the global minimum of the water dimer, however, the effect on the proton donor water is small. If the charges on the proton acceptor water atoms are measured using the local plane of the acceptor water, the contribution from the charge flow term will be slightly more significant. Since the main goal of this study is to gain a semi-quantitative understanding of the extent of the charge transfer in liquid water, we believe measuring the MT charge on the donor water using the symmetry plane of the dimer is sufficient. We note that one way to estimate the extent of charge flow contributions is to calculate the force in the reference plane as a result of the field perpendicular to the plane. While TABLE III. Comparison of partial charges determined by several population analysis methods for selected molecules. All charges were computed with 3 different basis sets using the B3LYP density except for the MT charges, where only the aug-cc-pVQZ results are reported. Much smaller dependence of MT charges on basis set (Table I) has been observed than any other population analysis methods. Only charges on symmetry-unique atoms are shown. AVXZ stands for the aug-cc-pVXZ basis set. All charges are reported in elementary charge units, e. 2 , the global minimum of (H 2 O) 2 , planar hydrated cation, and planar hydrated anion systems. The CCSD(T) charges for the anionic systems are not available due to our electronic structure code failing some consistency tests. The name of the atoms can be found in Fig. 2 . AVXZ stands for the aug-cc-pVXZ basis set; the use of corresponding core-valance basis set for the cations and the use of effective core pseudo-potentials for I are described in the text. for a truly planar molecule, this force is very close to zero, indicating that the field is not changing the electron distribution to the first order; for non-planar molecules, this indicator of electron redistribution could become large. Similarly for the hydrated ion clusters, we will restrict our analysis to the planar hydration structures to completely remove charge flow contributions. Although such structures are hypothetical, we believe they are sufficient to provide a semi-quantitative estimate of the extent of the charge transfer between hydrated ions and liquid hydration water. This information could be important for force field developments. Table IV . The number of water molecules in the hydration shell is different for each ion, although only that corresponding to the number of water for Li + and F are shown.
For the planar hydration structures, the cluster size was selected so that the vertical hydration energy,
is minimum for the number of water in the cluster. In this equation, E ion-solvation is the total energy of the optimized ionwater cluster; E ion is the energy of the ion, and E solvation-shell is the energy of the empty solvation shell assuming the same geometry as in the ion-water cluster. It has been argued that the proper treatment of core correlation is important for modeling the hydration of alkali ions. 26 Thus the aug-cc-pCVQZ basis set 27 was used for Li + , Na + , and K + for the B3LYP and MP2 MT charge calculations. The water in the hydration shell was modeled with the aug-ccpVQZ basis set for the determination of MT charges. For the MP2 and CCSD(T) calculations, the excitations from the n-1 shell electrons were included. Geometry optimizations were performed using the corresponding levels of theory with the aug-cc-pCVDZ/aug-cc-pVDZ basis sets.
For the water dimer and the cationic clusters, the MT charges were also calculated with CCSD(T) aug-cc-pVTZ and aug-cc-pCVTZ basis sets using the MP2 geometries. For anionic clusters, the CCSD(T) calculations fail our consistency test in that they do not satisfy the Millikan constraint, possibly indicating some problems with the electronic structure code we used. Thus, the anionic CCSD(T) MT charges were not reported. All calculations involving the iodide were performed with the aug-cc-pVQZ-PP basis set for I with the associated effective core pseudo-potential. 28 Similar to the hydrated cations, all anionic MT charges were calculated with the aug-cc-pVQZ basis set with the geometries optimized with aug-cc-pVDZ.
For the planar water dimer configuration, with CCSD(T), our calculations indicate a small charge transfer of 0.052 e from the proton acceptor water to the proton donor water, with the proton acceptor being slightly positive. The MT charge measured on the 3D water dimer minimum also revealed a similar charge transfer of 0.072 e. The amount of the charge transfer predicted by MP2 and B3LYP is also similar. This is about an order of magnitude larger than the estimate of 0.0025 e based on the absolutely localized molecular orbital approach for the 3D water dimer minimum. 29 The MT charges determined for the hydrated ions are much smaller than their valence charge of one in magnitude, indicating the possibility of an appreciable charge transfer between the ion and their hydration water molecules.
For cations, CCSD(T) shows an MT charge of 0.78 e, indicating possibly a 0.22 electron transfer from the hydration shell to the K + , whereas Li + obtained almost 0.38 electron from the hydration waters. We note that this number may reflect a partial screening effect by the hydration water. The hydration water will have an induced dipole moment due to the external field. Although the induced dipole moment will not experience a force in the external field, it will weaken the electric field in the center of the ring. Thus the ion will not feel the total external field, similar to a ring current screening the magnetic field in NMR experiments. The induced dipoles on water will in turn feel a push due to the field gradients from the ionic charge, resulting in a redistribution of the forces. However, MT charges on the water are consistent with charge transfer being the leading reason for the smaller ionic charge. For the cationic ring, the oxygen has a less negative MT charge when compared to the 0.647 e charge in an isolated water. On the other hand, the hydrogen atoms have almost identical charges compared to the hydrogen atoms in an isolated water molecule. If the magnitude of in-plane induction is significant when compared to the charge transfer, one would anticipate the oxygen to be more negative due to induction. Since the in-plane induction is not significant, it is hard to imagine the induction due to the small external field to be significant considering the proximity of the ion to the water molecules. We note that for the hydrated anions, the water MT charges are also consistent with charge transfer to the lowest unoccupied molecular orbitals (LUMOs) of water (vide infra).
For anions, the amount of charge transfer is not monotonic from F to I according to both B3LYP and MP2. This trend is likely due to the interplay of several factors, such as the electronegativity, the size of the anion, and the number of water molecules in the hydration shells. With MP2, the hydrated F , Cl , and Br have a comparable charge transfer of 0.51 to 0.52 e from the ion to the hydration water. For I , the amount of charge transfer increases to about 0.55 e. Thus overall, the anions have a stronger charge transfer than cations. Also, the MT charges on both hydrogen atoms are significantly less positive compared to the 0.324 e value in the isolated water monomer, consistent with charge transfer from the anion to the LUMO of water. The LUMO of water has more weight on the hydrogen atoms than on the oxygen.
Although the analysis of the charge transfer reviewed in Table IV shows appreciable charge transfer especially for the anions, we caution when a 2D system is studied as a proxy for the insight of charge transfer in a 3D system. However, we have no reason to believe that the extent of the charge transfer will be fundamentally different for hydrated ions in 3D. Other population analysis methods that give the best agreement with the MT charges for the same 2D systems might be the best techniques to investigate charge transfer in ionic solutions in 3D.
III. SUMMARY AND CONCLUSION
By measuring the atomic forces of a planar molecule in a uniform, out-of-the-plane electric field, the MT atomic charges can be obtained. It has been shown that for a planar molecule, the electron density is not perturbed by any infinitesimal displacement of any atoms in the out-of-plane direction. Thus, the corresponding charge flow terms will be exactly zero. The procedure can be considered as an atomic version of the Millikan oil drop experiment.
The MT charge is directly proportional to the true atomic force experienced in a uniform external field; thus, it is an important quantity in the development of force fields. Unlike most population analysis methods, the determination of MT charges does not require direct knowledge of the electronic density, thus making it ideal for determining partial charges for correlated levels of theory. Determination of post-HF energies is significantly easier than solution of the corresponding wave-functions. In addition, the MT charges can be easily calculated with existing electronic structure programs as long as the program can evaluate the potential energy in the presence of an external field. The limitation of the atomistic version of the Millikan experiment is that the MT charges are free of charge-flow contributions only for a planar molecule. The reliability of similar approaches for 3-dimensional complexes is worth additional investigation. 15 The MT charges for several planar molecules and molecular complexes were investigated at up to the CCSD(T) level of theory. The MT charges show good stability with respect to the use of different basis sets. The MT charges are most similar to the NPA charge for the few molecules studied in our work. However, the ease with which MT charges are obtained at post-HF levels is important, especially for challenging molecules such as FNO.
For a planar water dimer, the MT scheme establishes an intermolecular charge transfer of around 0.052 e from the proton acceptor water to the donor. This number is around 0.072 e for the water dimer global minimum. Whereas planar hydrated cations, K + , Na + , and Li + , show a moderate charge transfer of 0.22 e to 0.38 e from the waters to the ion, planar hydrated anions, F , Cl , Br , and I , show a more significant transfer of around 0.5 e from the ion to the waters. We do acknowledge there might be a minor reduction of the apparent MT charge at the center of the water hydration ring due to induced ring dipole screening the field on the ion.
